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Abstract

Dengue virus (DENV), transmitted predominantly in tropical and subtropical regions by the 

mosquito Aedes aegypti, infects millions of people and leads to dengue fever and thousands of 

deaths each year. There are no direct-acting antivirals to combat DENV, and molecular and 

structural knowledge is required to develop such compounds. The dengue NS2B/NS3 protease is a 

promising target for direct-acting antivirals, as viral polyprotein cleavage during replication is 

required for the maturation of the viral particle. The NS2B/NS3 protease processes 8 of the 13 

viral polyprotein cleavage sites to allow viral maturation. Although these sites share little sequence 

homology beyond the P1 and P2 positions, most are well conserved among the serotypes. How the 

other substrate residues, especially at the P′ side, affect substrate recognition remains unclear. We 

exploited the tight-binding general serine protease inhibitor aprotinin to investigate protease–

substrate interactions at the molecular level. We engineered aprotinin’s binding loop with 

sequences mimicking the P′ side of DENV substrates. P′ residues significantly modulate 

substrate affinity to protease, with inhibition constants varying from nanomolar to sub-millimolar. 

Structural and dynamic analysis revealed the molecular basis of this modulation and allowed 

identifying optimal residues for each of the P′ positions. In addition, isothermal titration 

calorimetry showed binding to be solely entropy driven for all constructs. Potential flaviviral P′ 
side inhibitors could benefit from mimicking the optimal residues at P′ positions and incorporate 

hydrophobicity and rigidity to maintain entropic advantage for potency.
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Dengue virus (DENV), a member of the family Flaviviridae, is an enveloped virus with a 

positive single-strand RNA genome. There are four different serotypes of dengue virus 

(DENV 1–4), and each serotype shares 65–70% sequence homology of the viral genome.1,2 

Dengue fever, which is caused by DENV, is a worldwide infectious disease endemic in more 

than 110 countries. Approximately 96 million of those infected develop disease symptoms, 

with about 20,000 annual deaths.3–5 The mosquito Aedes aegypti is the major vector of 

dengue virus, and due to the narrow temperature tolerance of Aedes, DENV is transmitted 

predominantly in tropical and subtropical regions. No antiviral drug to combat dengue 

infections is available, and the first-ever dengue vaccine (CYD-TDV vaccine, Dengvaxia) 

has been approved for use in Mexico, Brazil, El Salvador, and Philippines.6 DENV is in the 

same flaviviral family as the Zika virus, which is also transmitted by A. aegypti causing 

major outbreaks in tropical and subtropical regions, with no available treatment. A better 

understanding of DENV will contribute to the development of a targeted therapy against 

these global health threats.

The dengue RNA genome has one open reading frame, which encodes a single polyprotein 

including three structural proteins (C, prM, and E) and seven nonstructural proteins (NS1, 

NS2A, NS2B, NS3, NS4A, NS4B, and NS5)7 (Figure 1a). The viral polyprotein gets 

processed at the lumen side of the rough endoplasmic reticulum membrane by the host cell 

peptidase, whereas dengue NS2B/NS3 protease cleaves the polyprotein at the cytoplasmic 

side.7 Dengue NS2B/NS3 protease is a serine protease of the chymotrypsin family with a 

classic Ser-His-Asp catalytic triad.8 The hydrophilic core of NS2B (cNS2B; amino acids 

1394–1440) is required for the proper function of NS3 protease (NS3pro185; amino acids 

1476–1660)9 and participates in substrate recognition.10 Dengue protease is responsible for 

processing 8 of the 13 polyprotein cleavage sites (C, NS2A, NS2A-NS2B, NS2B-NS3, NS3, 

NS3-NS4A, NS4A, NS4B-NS5) (Figure 1a).11 Polyprotein processing is required for the 

maturation of the viral particle.

The cleavage site sequences that DENV protease processes share little homology (Figure 

1b). Two basic residues at P2 and P1 positions and a small polar residue at P1′ are preferred 

in general by flaviviral NS3 proteases.12 However, in DENV, some substrates have nonbasic 

residues at the P2 position, and the residues at P3–P5 and P′ positions are quite diverse 

(Figure 1b). Although diverse between different cleavage sites, the sites themselves are well 

conserved across all serotypes (and even in some cases with Zika), in particular, NS3, 
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NS4A, and NS2B-NS3 (Table S1), implying that these sequences may be required for 

regulating the temporal processing of the polyprotein. However, how dengue protease 

recognizes these diverse substrates is not well understood.

Dengue protease does not share P′ substrate sequence preference with other serine 

proteases, but does so at P1 and P2 positions (furin RXRR, thrombin P1 R, trypsin P1 R). 

Thus, the peptidomimetic dengue protease inhibitors designed on the basis of the conserved 

P2 and P1 positions of substrate sequences alone may not be specific.13–15 Incorporating P′ 
moieties to current inhibitors could improve specificity. P′ residues at each position have 

been screened to investigate the favored amino acids using linear peptides.16,17 However, 

elucidation of the interdependence and key physical features of P′ recognition is still 

lacking. Linear peptides corresponding to either the P or P′ products have been used to 

investigate dengue protease product inhibition. However, prime side products have very low 

affinities (with no observed inhibition at concentrations of 1 mM) and hence do not allow 

biochemical characterization.18

In this study, we exploited the high-affinity binding and protease-bound structural 

availability of aprotinin to investigate P′ side substrate interactions with dengue protease 

(PDB: 3u1j).10 The binding loop of aprotinin shares close homology with the DENV NS3 

cleavage site (Figure 1b). The homology makes this structure a useful template to investigate 

how different P′ native substrate residues may interact with the protease. We replaced the 

aprotinin binding loop with corresponding P1–P4′ substrate sequences of the eight DENV3 

protease cleavage sites (C, NS2A, NS2A/B, NS2B/3, NS3, NS3/4A, NS4A, NS4B/5) 

(Figure 1b). To elucidate how P′ substrate sequence affects binding affinity, we measured 

the inhibition constant for each aprotinin construct in enzymatic assays. These were 

complemented with molecular dynamics simulations based on molecular models of the 

aprotinin–DENV3 complex. Isothermal titration calorimetry (ITC) revealed that binding is 

solely entropy driven, and enthalpy contributions are unfavorable. These constructs varied in 

binding affinity by 5 orders of magnitude, and their dynamic behavior implicates a complex 

interdependent recognition of the various cleavage sites. Thus, P′ side interactions can 

significantly affect ligand binding, and incorporating these interactions could help achieve 

additional specificity for dengue protease inhibition.

RESULTS

Design of Aprotinin Constructs Mimicking Dengue Protease Substrates

Dengue protease recognizes substrates with diverse sequences and favors two basic residues 

at P1 and P2 positions (Figure 1b), but little is known about how the protease recognizes the 

entire substrate sequences, which are well conserved between serotypes. To investigate the 

role of the prime side in conferring specificity to DENV protease, we used the serine 

protease inhibitor aprotinin, the binding loop of which shares high homology with the 

DENV NS3 cleavage site sequence (Figure 1b). Aprotinin has previously been shown to 

bind DENV2 protease with an inhibition constant (Ki) of 26 nM,19 and we measured a Ki of 

3.7 nM to DENV3 protease (Figure 2). The crystal structure of the aprotinin–dengue 

protease complex (PDB: 3u1j)10 (Figure 1c) reveals how P′ positions bind at the active site, 

with extensive interactions at the P1 position and intermolecular interactions extending from 
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the P3 to the P4′ position (Figure 1d),10 enabling engineering of constructs mimicking the P

′ side of substrates.

In this study the binding loop (BL) residues in aprotinin (AP) were replaced with P1–P4′ 
substrate sequences of eight protease cleavage sites (C, NS2A, NS2A/2B, NS2B/3, NS3, 

NS3/4A, NS4A, NS4B/5; Figure 1). These cleavage site residues will be referred to as 

(cleavage site)BL-AP for clarity, and DENV protease residues will be distinguished using 

single-letter amino acid codes. Because the disulfide bond between Cys14 (P2 residue) and 

Cys38 is required for the proper folding of aprotinin,20 residues at the P2 and P3 positions 

were kept as the aprotinin sequence in all constructs. The eight engineered aprotinin 

constructs as well as the wild-type aprotinin were expressed and purified. The core domain 

of aprotinin forms the supporting scaffold for the binding loop and helps maintain the flat 

shape of the binding loop, which fits into cognate proteases’ active site and prevents 

deformation of the reactive site required for peptide bond cleavage.20 To test whether the 

constructs maintained the aprotinin fold, protein secondary structure was confirmed by 

circular dichroism spectroscopy (Figure S1). Seven of the eight engineered constructs, with 

the exception of NS2A-2B, maintained the aprotinin-like fold. The NS2A-2BBL-AP 

construct has a proline at the P2′ position, instead of an arginine in WT aprotinin, and 

replacement of this charged surface residue with proline may alter the protein expression and 

solubility. The remaining seven constructs were used for all further experiments, with wild-

type aprotinin as a control.

Substrate Sequences Have Widely Varying Affinity to DENV3 Protease

To investigate how diverse P′ substrate sequences affect the binding to dengue protease, the 

inhibition constants of wild-type aprotinin and engineered constructs against DENV3 WT 

protease were determined using a FRET-based enzymatic assay. Whereas WT aprotinin has 

a Ki of 3.7 nM against DENV3 protease, the aprotinin constructs have a wide variety of Ki 

values ranging from 5.9 nM (NS3BL-AP) to 184 µM (NS4ABL-AP) (Figure 2). The 5 orders 

of magnitude difference in binding affinity strongly suggests that these sequences modulate 

the specificity of DENV3 protease. The sequences are distributed throughout the range of 

affinities with three sequences (NS3BL-AP; NS3-4ABL-AP; NS2B-3BL-AP) binding in the 

low to mid nanomolar range, three sequences (CBL-AP; NS4B-5ABL-AP; NS2ABL-AP) 

binding in the sub- to low micromolar range, and finally NS4ABL-AP in the sub-millimolar 

affinity. The tightest binding NS3BL-AP is very similar to the corresponding cleavage site in 

Zika (Table S1). Overall, different P′ residues significantly change the binding interactions 

between DENV3 protease and the substrate, over several orders of magnitude, and this 

variation in affinity likely provides some specificity for the regulation of the viral 

polyprotein processing.

Binding Interactions Are Solely Entropy Driven

The binding thermodynamics of the constructs to DENV3 protease were evaluated using 

ITC experiments. ITC measures the contributions of enthalpy and entropy to the binding free 

energy, which dictates the binding affinity. Reliable ITC data for CBL-AP binding to DENV3 

protease, possibly due to the high protein concentration required causing disulfide bond 

formation and oligomerization, were not obtainable. Otherwise, as expected, the equilibrium 
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dissociation constants (Kd) obtained from ITC experiments (Table S2) are in very good 

agreement with the inhibition constants (Ki) from enzymatic assays (Figure 2) (correlation 

coefficient = 0.999). The breakdown of the binding free energy to the contributions of 

enthalpy and entropy for each construct (Figure 3) indicates that the entropic contributions 

(−TΔS) are negative (favorable), whereas the enthalpy of binding is positive (unfavorable) 

for all constructs. Thus, binding is solely entropy driven and, with the exception of 4B-5BL-

AP, the binding entropy strictly follows the trend of inhibition constants. Although still 

having an overall unfavorable binding enthalpy, the constructs of the natural DENV 

substrate sequences are more favorable than the WT-AP (Figure S2; Table S2) by ~2–4.5 

kcal, suggesting that these natural substrate constructs are more complementary to the 

specific binding surface of DENV protease.

Binding Loop Fluctuations Correlate with Affinity

To investigate the molecular interactions between different substrate residues and DENV3 

protease, extensive fully solvated MD simulations were performed starting from structural 

models generated on the basis of the complex crystal structure (PDB: 3ulj), where the 

binding loop was replaced by corresponding substrate sequences in silico.21 The binding 

loop of wild-type aprotinin was stable over the simulation, with well-overlapping snapshots 

and relatively low root-mean-square fluctuation (RMSF) values around ~1 Å (Figure 5a; 

Figure S4).

Aprotinin constructs with binding loops corresponding to the various substrate sequences 

had various levels of loop stability. The extent of the RMSF values corresponded closely 

with the affinities of the various substrate sequences, where the NS3BL-AP had the lowest 

RMSF of 1.2 Å and the tightest experimental binding affinity, and NS4ABL-AP the highest 

RMSF value of 4.3 and the weakest binding to DENV3 protease. In fact, the interactions 

between DENV3 protease and NS4ABL-AP were not strong enough to hold the binding loop 

in the starting pose, and by the end of the simulation only P1 Arg of NS4ABL-AP and D129 

of the protease were still forming ionic interactions. Overall, fluctuations of residues 

corresponding to substrate sequences in each construct correlated well with the experimental 

Ki values.

Substrate Sequences with Higher Affinity Have Better Packing at the Protease Active Site

To investigate how packing of substrate residues at the protease active site contribute to 

protease binding, the average vdW contact energy was calculated over the simulation time 

and mapped onto the protease surface (Figure 4b). The H51 of the catalytic triad packs 

against Cys14 and Cys38 (outside the binding loop of aprotinin), and F31 of protease packs 

against Thr32 of aprotinin located outside the binding loop. To determine the interactions 

that determine substrate specificity, the overall vdW contact energy (P1–P4′) of residues in 

the binding loop of different aprotinin constructs was calculated. The two constructs with the 

lowest (most favorable) vdW interactions are the two tightest binders (Figure S3), WT-AP 

and NS3BL-AP (−27.5 and −27.7 kcal/mol, respectively). The NS3BL-AP substrate residues 

pack against protease residues G151, S135, T134, G133, P132, and V36, with vdW contact 

energies ranging from −1.3 (G151) to −4.0 (P132) kcal/mol. Other residues with significant 

amounts of contact energy include packing of Y161 (−4.0 kcal/mol) against P1 residue, 
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P132 (−4.0 kcal/mol) against P1 and P2′ residues, V36 (−3.2 kcal/mol) against P3′ residue, 

and I30 (−3.5 kcal/mol) against P4′ residue. The binding loops of the other constructs 

(2B-3BL-AP, CBL-AP, 4B-5BL-AP, 3-4ABL-AP, and NS2ABL-AP) have similar level of vdW 

energies (−22.6 to −19.6 kcal/mol), and the weakest binder NS4ABL-AP has the highest 

(least favorable) contact energy (−16.0 kcal/mol). With the exception of 3-4ABL-AP, the 

overall contact energies of the various constructs reflect the differences observed in the 

experimental Ki values, where stronger binders have more contacts (lower energy) and hence 

pack better against protease active site residues.

Tightest Binders Have More Hydrogen Bonds

To quantify the contribution of hydrogen bonds to the binding of aprotinin constructs to 

DENV3 protease, the percentage of time each hydrogen bond existed during the MD 

trajectories was calculated (Table 1). The most highly populated hydrogen bonds are formed 

with P1 and P2′. The binding loop of WT-AP had five hydrogen bonds (three strong and two 

weak ones) with DENV3 protease that existed >40% of the simulation time. NS3BL-AP had 

four hydrogen bonds (three strong and one weak) (Figure 4d; Table 1). All other constructs 

had three hydrogen bonds with DENV3 protease, except 4B-5BL-AP, which had only two 

hydrogen bonds. Thus, the number of hydrogen bonds overall correlates with binding 

affinity.

The ionic bond between the P1 side chain and protease D129 side chain is the strongest 

interaction and is conserved in all constructs (Figure 4d). This hydrogen bond existed >70% 

of the simulation time for all constructs (Table 1). P1 forms additional side chain and 

backbone hydrogen bonds with the backbone atoms of F130 and G133 in the protease, 

respectively. Overall, the P1 residue contributes the most hydrogen bonds compared to other 

residues in the binding loop, acting as an anchor to ensure binding.

The major difference in hydrogen bonds of different aprotinin constructs was at the P2′ 
position. There is one extra hydrogen bond between WT-AP or NS3BL-AP’s P2′ Arg side 

chain and T34 side chain of DENV3 protease (Figure 4d), which existed 54.3 and 61.3% of 

simulation time, respectively (Table 1). Despite this additional hydrogen bond, the overall 

experimental binding enthalpy, as described above, is still unfavorable, and the binding free 

energies are dominated by the entropic contributions. The extra hydrogen bond does 

stabilize the P2′ residue in both WT-AP and NS3BL-AP, resulting in more favorable vdW 

contacts compared to P2′ residues in other constructs (Figure 5b). Thus, Arg is more 

favorable than other amino acids in the P2′ position of substrate sequences.

Interactions at Individual Positions Reveal Amino Acids for Optimal Packing

The contribution of various residues to intermolecular interactions at individual positions of 

the binding loop was further examined (Figure 5b; Table S3). The P1 position has the best 

vdW contacts across all constructs, with the P1 arginine of NS3BL-AP both forming 

hydrogen bonds and having the lowest vdW contact energy (−13.3 kcal/mol), lower by 3.5 to 

1.7 kcal/mol compared to the other constructs. However, in all constructs this side chain is 

either Arg or Lys, so the relative level of interaction is reflective of the interdependence of 

the rest of the binding site recognition.
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At the P1′ position, serine in both the 2B-3BL-AP and 3-4ABL-AP constructs has slightly 

better contact energy compared to other P1′ residues. This serine can form a weak hydrogen 

bond with the backbone of protease H51 or V36 (12.1–32.6% of simulation time, 

respectively) and appears to be the most favored side chain at this position. NS3BL-AP and 

4B-5BL-AP have a Gly at the P1′ position, resulting in contact energy below −4 kcal/mol. 

The worst contact energy at the P1′ position is of NS4ABL-AP’s Thr; however, this reflects 

the interdependent loss of contacts and high loop fluctuations mentioned above (also 

observed for P2′–P4′ positions) during the simulation.

At the P2′ position, vdW contact energy has major variations among substrates, with WT-

AP’s and NS3BL-AP’s P2′ Arg having significantly lower contact energy than other 

constructs’ P2′ residues. In addition to being the largest side chain with the most contact 

surface, the extra hydrogen bond between P2′ Arg and T34 of the protease stabilizes this 

residue (Table 1). CBL-AP has the third most contacts, with the P2′ serine also forming a 

hydrogen bond with the Q35 backbone, but this hydrogen bond (24.0% of the simulation 

time) is not as strong as the one formed by Arg. Serine has a smaller contact surface than 

arginine, resulting in less favorable contact energy compared to WT-AP and NS3BL-AP. The 

P2′ Thr of 4B-5BL-AP can potentially form a weak hydrogen bond (3.4 Å away) with the 

Q35 side chain of the protease, but we did not observe this hydrogen bond in the simulation. 

The closest protease hydrogen bond donor to the P2′ Asp of NS2ABL-AP is the side chain 

of T34, which is too far away to form a hydrogen bond (5 Å). Therefore, these two residues, 

Thr and Asp at P2′, are less stable and contribute fewer vdW contacts compared to Arg. 

Hence, Arg followed by Ser is favored for vdW contacts and hydrogen bonds at the P2′ 
position.

At the P3′ position, NS2ABL-AP’s Trp has the lowest contact energy. Tryptophan has a 

much larger side chain compared to the P3′ residues in other constructs, and the extra 

surface area contributes to more vdW interactions. However, Trp is too big to optimally fit in 

the S3′ pocket and cannot maintain stable interactions with the protease throughout the 

simulation time (Figure 5a). The poor fit and stability of this Trp causes the neighboring P2′ 
and P4′ residues to drift away from the correlated binding pockets, resulting in the worst 

vdW contacts at these two positions among all of the constructs. The hydrophobic P3′ 
residues of WT-AP, 2B-3BL-AP, and NS3BL-AP (Ile, Val, and Val, respectively) have lower 

contact energy (−1.22 to −1.46 kcal/mol) compared to the remaining four constructs (−0.26 

to −0.41 kcal/mol). Hence, P3′ side chains smaller than Trp better fill the hydrophobic S3′ 
pocket, by packing against V36 in the protease active site (Figure 4c).

Finally, for the P4′ position, aspartic acid in the NS4ABL-AP has the least vdW contacts 

with the protease as this residue cannot pack against protease’s hydrophobic loop (G29, I30, 

F31, G32), which defines the S4′ pocket. This unfavorable interaction caused the P4′ 
residue to drift away from the active site, and NS4ABL-AP was bound to DENV3 protease 

only through the interaction between P1 Arg and D129 of protease at the end of the 

simulation. Because of the hydrophobic nature of the S4′ surface, a hydrophobic P4′ 
residue would be favorable at this position.
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Overall, the intermolecular contacts contributed by different aprotinin constructs correlate 

well with the Ki values (Figure 2; Table S3) and reveal which combination of residues might 

be optimal.

DISCUSSION

In this study, the binding interactions of P′ substrate residues to dengue protease were 

investigated by exploiting the high-affinity serine protease inhibitor aprotinin. Substrate 

affinity was strongly modulated by different P′ sequences with the inhibition constant 

varying over 5 orders of magnitude (Figure 2), which indicates protease’s affinity and 

processing may highly vary, potentially in both rate and temporal sequence, among various 

cleavage sites. The order of polyprotein processing can correlate with binding affinities to 

the cleavage sites and has been shown to be crucial for other viruses, such as the HIV-1 viral 

fitness/infectivity.22,23 However, to the best of our knowledge, the order of overall 

polyprotein processing during replication is not known for dengue virus. The biological 

function of the internal cleavage at NS3 (tightest binder) is not clear;24 however, processing 

of 3-4A and 2B-3 (second and third tightest binders, respectively) is required to release 

mature NS3 protein,25 which can then cleave the other cleavage sites. Hence, P′ sequences 

likely play a key role in regulating the specificity of polyprotein processing.

Previously, substrate peptides have been used to investigate residue preference at each 

position, with contradictory results. For example, acidic residues Glu and Asp were found to 

be favored at the P2′ position in the context of nKRR-X(P2′)XX (X, amino acid mixture 

except Cys and isostere norleucine instead of Met),16 but Glu was found to be the least 

favorable when screened within GLKR-G(P2′)AK.17 Using amino acid mixtures as a 

background can be misleading and mask the effect of specific residues at a given position, 

such as due to intramolecular interactions, whereas using a fixed background sequence may 

miss other key interdependencies. Linear substrate peptides corresponding to natural 

sequences spanning from P4 to P4′ have been used to investigate substrate cleavage.17 

However, with diverse residues at the P positions (both basic and nonbasic P2 residues, 

distinct P3 and P4 residues), distinguishing the contributions of individual P′ sites was very 

challenging.

Therefore, instead of changing P′ substrate residues one by one or the whole cleavage site at 

once, our results reveal the effect of P1–P4′ positions as a contiguous sequence. Within the 

context of these viral substrate sequences, we have identified the favored amino acids at each 

substrate position: basic residues Arg and Lys at P1, Ser at P1′, Arg at P2′, and hydrophobic 

residues at P3′ and P4′ sites. Compared to previous peptide-based screening results,16 the 

main differences are at P2′ and P3′, which suggested acidic residues and serine to be 

favorable at P2′ and P3′, respectively. For the P2′ pocket, hydrogen bonds and vdW 

contacts are likely the dominant forces, and an acidic residue can form the same hydrogen 

bonds with the T34 residue that Arg interacts with (Figure 4d), so both an acidic residue or 

an arginine may be favorable at this position. With regard to the P3′ position, Ser may 

interact with Q27 through a hydrogen bond. However, we found hydrophobic substrate 

residues to pack well against V36 of the protease. Hydrophobic protease residues 30 and 31, 

which define the S4′ pocket, were proposed to interact with the membrane,26,27 and further 
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studies are required to investigate the effect of hydrophobic interactions at this pocket. Thus, 

Arg/Lys-Ser-Arg-Ile/Val-Leu is the optimal sequence for P1–P4′ positions of the dengue 

protease substrates. None of the natural sequences contain this combination (Figure 1b), 

potentially suggesting an evolutionary advantage not to have the highest affinity 

combination for a particular cleavage site. This sequence may be a potent pan-flaviviral 

protease binder, based on the high level of homology among cleavage sites in the dengue 

viral serotypes and other flaviviruses such as the recently pandemic Zika virus. Comparison 

of the crystal structures of aprotinin bound to DENV protease (3u1j)10 or WNV protease 

(2ijo),28 shows the main difference is at the P2′ Arg. This Arg forms a hydrogen bond with 

the side chain of Thr34 with DENV protease and with the backbone carbonyl of Thr132 in 

complex with WNV protease. Residue 34 on the WNV protease is a tyrosine pointing away 

from the S2′ pocket. For the DENV protease, both the side chain of Thr34 and the backbone 

carbonyl group of Pro132 can form a hydrogen bond with P2′ Arg, potentially contributing 

to DENV protease’s preference for arginine at this position.

Thus, we suggest extending inhibitors to P′ sites to enhance both affinity and specificity 

against dengue protease. Previous peptidomimetic dengue protease inhibitors have been 

designed mainly on the basis of only P site substrate sequences13–15 and usually contain 

basic P2 and P1 residues. Because dengue protease has substrate sequence preferences 

(basic P1 or P1/P2 residues) similar to those of human serine proteases (thrombin, trypsin, 

and furin), further optimization of these inhibitors is required to increase specificity. In this 

study, we found that P′ amino acids can significantly affect the binding affinity. Dengue 

protease does not share P′ site sequence preference with other human serine protease; 

therefore, inhibitor design extending to or based on P′ sites could increase both affinity and 

specificity.

Designing potent DENV protease inhibitors will likely require using a combination of 

strategies. Inhibitors spanning P1–P1′ positions can mimic the transition state of the peptide 

cleavage reaction. Transition state mimicking compounds have proved successful in 

targeting HCV proteases,29 and enzymes have evolved to bind most strongly to the transition 

state, rather than substrate or product. Therefore, incorporating chemical moieties into 

inhibitors to mimic the transition state could increase inhibitor affinity. In fact, the 

peptidomimetic inhibitor Bz-Nle-Lys-Arg-Arg-B(OH)2, reported to bind DENV2 protease 

tightly (Ki value = 43 nM),15 uses a boronic acid as a warhead for the catalytic serine with 

the hydroxyl group mimicking the transition state. Because most P site inhibitors are highly 

charged and polar, designing inhibitors forming hydrophobic interactions with the prime site 

pocket (P3′ and P4′) can help adjust the hydrophobicity of these compounds, to potentially 

increase their cell permeability. As binding is solely entropy driven, relatively rigid 

inhibitors with nonrotatable bonds or macrocycles may leverage the entropically driven 

interactions. Even though the binding enthalpies of substrate-sequence-based aprotinin 

variants are better than that of the native aprotinin, implying the binding is more specific, the 

intermolecular interactions need to be further improved. This improvement will possibly 

require establishing additional van der Waals packing interactions or hydrogen bonds by 

introducing non-natural amino acid side chains during inhibitor design. Designing peptide-

based inhibitors starting from the favored amino acids identified here and rigidifying the 

peptide by cyclization to maintain the binding loop structure is a feasible approach, with 
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subsequent optimization to increase both affinity and specificity. Future studies will need to 

explore and efficiently combine a series of these potential strategies for the design of DENV, 

or other flaviviruses such as Zika, protease inhibitors to ensure both potency and specificity.

MATERIALS AND METHODS

Protease Gene Construction, Protein Expression, and Purification

Synthetic DENV3 protease gene (cDNA encoding NS2B (cNS2B; aa 1394–1440) and NS3 

protease (NS3pro185; aa 1476–1660) with a G4SG4 linker between) was constructed using 

codon optimization for protein expression in Escherichia coli. The linker between NS2B and 

NS3, which may affect protein conformational flexibility as shown for serotype 2 with 

NMR,30 was kept identical as in the construct of the available crystal structure (3u1j)10 to 

enable a direct comparison. Protease gene was constructed between BamH1 and Xho1 sites 

of pGEX6p1 (GE Healthcare). The plasmid was transformed into BL21(DE3) for protein 

expression. We followed the published protein expression and purification protocols.16

Aprotinin Gene Construction, Protein Expression, and Purification

The cDNA encoding SUMO and aprotinin with His6 tag at the N terminus was constructed 

between Nde1 and Sac1 of pET28a. The plasmid was transformed into BL21-(DE3) cells for 

protein expression. We followed the published aprotinin expression and purification 

protocols.31

Aprotinin Construct Gene Construction

Mutagenesis primers were used to engineer substrate residues corresponding to each 

cleavage site onto the aprotinin binding loop, and polymerase chain reaction was performed 

to amplify the DNA. The transformation, expression, and purification protocols of aprotinin 

constructs were the same as for wild-type aprotinin.31

Enzyme Inhibition Assay

A FRET-based enzymatic cleavage assay was used to measure inhibition constants of 

aprotinin constructs against DENV3 WT protease. DENV3 NS2B/NS3 protease (100 nM) 

was incubated with various concentrations of aprotinin for 60 min in 50 mM Tris assay 

buffer (20% glycerol, 1 mM CHAPS, pH 8.5).32 Proteolysis reactions were initiated by 

adding 5 µM protease substrate (21st Century Biochemicals) and monitored using the 

EnVision plate reader (PerkinElmer) at excitation and emission wavelengths of 340 and 490 

nm, respectively. The protease substrate used in the enzymatic reaction was fluorescence 

labeled and had the amino acid sequence of the 2A-2B cleavage site Ac-[D-

EDANS]KRRSWP[K-DABCYL]-amide based on the substrate previously used in dengue 

protease inhibition constant measurements (Bz-Nle-Lys-Arg-Arg-AMC),16 but extended to 

prime sites to mimic natural cleavage reaction. The initial cleavage reaction velocities were 

determined using nonlinear fit to one-phase association of the whole progress curves.33 

Apparent inhibition constants (Ki) were obtained by nonlinear regression fitting of initial 

velocity versus inhibitor concentration to the Morrison equation using Prism 6 (GraphPad 

Software). Data were collected in triplicate and processed globally to calculate the shared 

inhibition constant and standard deviation.
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Molecular Dynamics Simulations

All molecular dynamics simulations were performed in triplicate following previously 

published protocols.34 Briefly, aprotinin constructs were modeled on DENV3 protease 

binding pocket based on the aprotinin and DENV3 WT protease complex structure (PDB: 

3u1j). The modeled structures were prepared for simulations by keeping the crystallographic 

waters within 4.0 Å of any protease or aprotinin atom but removing the buffer salts from the 

coordinate file. By using the Protein Preparation Tool from Schrodinger,35 hydrogen atoms 

were added to the structures and the optimal protonation states for the ionizable side chains 

were determined. The hydrogen-bonding network of the initial structures was optimized, and 

the structures were minimized in vacuum using the Impact refinement module with the 

OPLS2005 force field.36 The prepared systems were solvated in a truncated octahedron 

solvent box with the TIP3P water model extending 10 Å beyond the protein in all directions, 

using the System Builder utility. The overall charge was neutralized by adding the necessary 

number of counterions (Na+ or Cl−). Desmond was used in all simulations with OPLS2005 

force field. Each simulation was carried out at 300 K and 1 bar for 100 ns, and the 

coordinates and energies were recorded every 5 ps.

Structural Analysis

Hydrogen bonds were determined using VMD.37 A hydrogen bond was defined by a 

distance between the donor and acceptor of <3 Å and a donor–hydrogen–acceptor angle of 

>150°.

The vdW contacts between the protease and aprotinin binding loop were calculated using a 

simplified Lennard-Jones potential V(r) = 4ε [(σ/r)12 − (σ/r)6], with the well depth (ε) and 

hard sphere diameter (σ) for each protease–aprotinin atom pair. The V(r) for all protease–

aprotinin atom pairs was computed within 6 Å, and when the distance between nonbonded 

pairs was less than e, V(r) was considered equal to −e. More details of the rationale for this 

modification to the original 6–12 Lennard-Jones potential were described before.38 The total 

ΣV(r) of the protease–aprotinin complex was computed using this simplified potential for 

each nonbonded pair.

Isothermal Titration Calorimetry

The ITC experiments were performed using Microcal ITC200 (Malvern) at 20 °C with the 

protease in the sample cell and aprotinin constructs in the syringe. The assay buffer was 20 

mM Tris, pH 8.5. By fitting the data with nonlinear regression using Origin 7.0, the change 

in enthalpy (ΔH) and corresponding dissociation constant (Kd) were determined. The 

changes in Gibbs free energy (ΔG) and entropy (ΔS) were derived from these values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

DENV dengue virus

P site N terminus of polyprotein cleavage site

P′ site C terminus of polyprotein cleavage site

BL binding loop

AP aprotinin

Kd dissociation constant

Ki inhibition constant

MD molecular dynamics

RMSF root-mean-square fluctuation

vdW van der Waals
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Figure 1. 
Design of aprotinin constructs mimicking dengue protease substrates. (a) Dengue virus 

polyprotein cleavage sites. (b) Polyprotein cleavage site sequences of DENV3 protease. (c) 

Aprotinin–DENV3 protease complex structure (3u1j). NS3 protease domain is in green, 

NS2B cyan, and aprotinin purple.10 (d) The binding loop of aprotinin is displayed as sticks 

and the residues screened with corresponding P1–P4′ substrate sequences are colored 

yellow.
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Figure 2. 
Inhibition constants (Ki) of aprotinin constructs and WT-AP DENV3 WT protease ordered 

from tightest to weakest binder.
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Figure 3. 
Thermodynamics measured by ITC of aprotinin constructs and WT-AP binding to DENV3 

WT protease ordered from tightest to weakest binder. The binding of WT-AP and aprotinin 

constructs to DENV3 protease is entropy driven. Changes of Gibbs free energy (ΔG), 

enthalpy (ΔH), and entropy (−TΔS) upon binding are displayed in blue, red, and green, 

respectively.
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Figure 4. 
Interaction of substrate residues with DENV3 protease (NS3BL-AP binding to DENV3 

protease is shown as an example). (a) NS3BL is displayed as sticks and DENV3 protease as 

surface. (b) DENV3 protease’s surface colored according to the extent of vdW contacts with 

NS3BL-AP. (c) DENV3 protease’s surface is colored on the basis of polarity. (d) Hydrogen 

bonds between NS3BL-AP and DENV3 protease are displayed as yellow dashes.
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Figure 5. 
Molecular dynamics (MD) of binding loops bound to DENV protease active site. (a) 

Snapshots from MD simulation trajectories of WT-AP and aprotinin constructs bound to 

DENV3 protease. The protease is shown in cartoon representation and the aprotinin binding 

loops as sticks from start (in red) to end (in blue) of the trajectory (simulations were 

performed with full-length aprotinin, but only residues corresponding to native substrates are 
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shown for clarity). (b) Binding loop vdW contacts during MD simulations of WT-AP and 

aprotinin constructs against DENV3 protease.
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